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THE NATURE OF LIQUID FIIM EVAPORATION 

DURING WC- BOILING 

by Robert R. Sharp 

Lewis Research Center 

SUMMARY 

An evaporating liquid film formed at the base of bubbles during nucleate 
boiling was observed by two optical techniques. Interference of monochromatic 
light and reflection of polarized light yield film thickness against radius 
and time, local evaporative heat flux, and allow determination of wet and dry 
surfaces. The effects of different system parameters on bubble release, the 
evaporation process, and the boiling curve are discussed in relation to the 
experimental results. 

INTRODUCTION 

The observed high heat-transfer rates accompanying nucleate boiling has 
been attributed by some investigators to agitation associated with bubble for- 
mation and release. Recent investigations of temperature behavior on a boiling 
surface, however, have provided evidence that evaporation is the major heat- 
transfer mechanism in nucleate boiling regimes of relatively concentrated 
bubble populations. In reference 1, local surface temperature fluctuations 
during boiling were observed by noting the output of a high response thermo- 
couple in conjunction with an oscilloscope. The temperature-time history was 
a series of rapid cooling periods of short duration followed by gradual re- 
attainment of the initial temperature; the periodicity of the series was ap- 
proximately that of the ebullition cycle. Transient heat flues during the 
cooling period were calculated to be about six times the gross value into the 
liquid. Time-temperature histories beneath large, discrete bubbles in low heat 
flux boiling were observed and the temperature data were matched with simul- 
taneous high-speed motion pictures of the ebullition (ref. 2). In these ex- 
periments, a twentyfold surge in heat flux above the average occurred locally 
at the bubble base during the growth period; during bubble collapse, the heat 
flux fell to very low and even negative values. The extreme rapidity of cool- 
ing, and the fact that cooling took place inside the bubble base, demonstrated 
that evaporation must occur on or near the boiling surface. The temperature 
decrease appeared to be a continuous phenomenon lasting throughout the entire 
growth period. This observation supported the view proposed in reference 3 



(p. 15, discussion by Snyder; p. 30, discussion by Bankoff) t h a t  evaporation 
occurs from a t h i n  l i q u i d  f i l m  l e f t  by an expanding bubble at  i t s  base. 

Evaporation from t h i s  l i q u i d  sublayer probably accounts f o r  t h e  major 
f r ac t ion  of heat  t r a n s f e r  i n  well-developed nucleate boi l ing regimes. "he 
f rac t ion  of t h e  heat f l u x  t ransfer red  during t h e  cooling period w a s  calculated 
(ref. 1) by multiplying t h e  heat  removed per  temperature drop by the  cycle fre- 
quency; t h e  data  show t h a t  i n  t h e  boi l ing  of w a t e r  on Nichrome at  a heat flux 
of 135,000 and 202,000 Btu per  hour per  square foot,  cooling at  t h e  bubble base 
accounts f o r  w e l l  over half  t h e  t o t a l  heat t ransfer .  Experiments on condensa- 
t i o n  rates of steam bubbles a l so  ind ica te  t h a t  evaporation i s  of primary i m -  
portance i n  t h e  heat-transf er  mechanism (ref. 4). 

Although there  i s  evidence t h a t  evaporation a t  t h e  so l id  surface i s  t h e  
pr inc ipa l  path of nucleate boi l ing heat t ransfer ,  no d i r ec t  demonstration of a 
l i q u i d  microlayer has been made. There have, likewise, been no measurements 
of film thickness, which a re  e s sen t i a l  i n  determining t h e  maximum evaporative 
heat f l u x  t h a t  can be transported through t h e  bubble base. Whether t h e  bubble 
base becomes completely dry, and i f  so, under what condition t h i s  occurs is  of 
primary importance i n  understanding heat  t r ans fe r  t o  vapor columns and possibly 
burnout phenomenon as w e l l .  
p. 47) t h a t  " t rans i t ion  boi l ing is  a combination of unstable f i lm boi l ing and 
unstable nucleate boi l ing,  each of which a l t e rna te ly  ex i s t s  at a given locat ion 
on t h e  heating surface." 
f o r  which heat  f l u x  decreases with increasing w a l l  temperature.) 
esis, i f  t rue,  indicates  t h a t  properties of t h e  microlayer may control t h e  
boi l ing curve i n  t r ans i t i on  boiling. 
necessary f o r  a thorough understanding of t he  e f fec ts  of surface material, sur- 
face thickness, additives,  surface roughness, and so for th ,  on the  boi l ing 
curve. 

A hypothesis has a l s o  been advanced (ref.  5, 

(Transit ion boi l ing here means the  boi l ing  regime 
This hypoth- 

Finally,  a study of t he  microlayer i s  

I n  t h i s  report ,  two experiments involving d i r e c t  observations of t he  pro- 
posed microlayer are reported. 
strate t h e  existence of a l i qu id  film on polished g lass  surfaces and t o  inves- 
t i g a t e  qua l i ta t ive ly  t h e  poss ib i l i t y  of complete surface drying. The second 
(experiment B) was used t o  measure thickness p ro f i l e s  on t h e  microlayer as a 
function of time and radius  of t h e  bubble base. From measurements of t h e  
thickness prof i les ,  calculations can be made of l o c a l  t rans ien t  heat f luxes 
and evaporation rates. The results of these experiments and other per t inent  
boi l ing data  have been used i n  an attempt t o  s e l e c t  those charac te r i s t ics  of 
t h e  microlayer t h a t  markedly a f f ec t  t h e  nucleate boi l ing curve and t o  determine 
t h e  r e l a t i v e  importance of these charac te r i s t ics  with respect t o  system vari-  
ables t h a t  specify bubble s i z e ,  frequency, s i t e  population, and s o  forth. 

The first (experiment A) w a s  used t o  demon- 

SYMBOLS 

A axea 

c constant 
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cP 

EP 

ES 

FP 

FS 

Hvap 

k 

2 

m 

n 

a 

P 

Y 

h 

P 

% 

spec i f i c  heat, cal/(g) (OC) 

amplitude of perpendicularly polarized component of e l e c t r i c  vector of 
ref lected wave 

amplitude of p a r a l l e l  polarized component of  e l e c t r i c  vector of re- 
f lec ted  wave 

perpendicular component of incident l i g h t  wave 

p a r a l l e l  component of incident l i g h t  wave 

enthalpy per u n i t  mass of vaporization, Btu/lb 

thermal conductivity, c a l / (  cm) (OC) (sec)  

posi t ive integer  

slope of thickness p ro f i l e s  

index of refract ion 

heat flux, Btu/(hr) ( sq  f t )  

reflectance, percent 

radius, in. 

bulk l i q u i d  temperature 

microlayer temperature 

w a l l  temperature minus saturation temperature 

w a l l  temperature 

f i l m  thickness 

volume, cu in. 

thermal d i f fus iv i ty ,  cm2/sec 

angle of incidence, deg 

angle of refraction, deg 

wave1 ength 

density, g/cm3 

B r e w s t e r ' s  angle, deg 
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8 angle of re f rac t ion  i n  a t h i n  f i l m  

T time 
Y 

APPARATUS AND PROCEDURE 

Experiment A 

The experiment described i n  t h i s  section was  used t o  demonstrate, qual i ta-  
t i v e l y ,  the presence of a microlayer during boiling. A l i qu id  f i lm can cause 
dramatic changes i n  the  re f lec t ion  properties of plane, polarized l i g h t  from a 
transparent boi l ing surface. These changes are observed photographically and 
allow a simple bas i s  f o r  determining the  wetting condition at the bubble base. 

When unpolarized l i g h t  i s  incident on any transparent interface,  t he  l i g h t  
may be resolved in to  two plane polarized components, one perpendicular and one 
p a r a l l e l  t o  the plane of incidence. These two components r e f l e c t  independently 
as described by Fresnel ' s  equations f o r  re f lec t ion  of polarized l i g h t  ( see  
r e f .  6 ,  p. 39 ) :  

( p a r a l l e l  component ) 

(perpendicular component) - _  EP - -sin(P - Y )  
Fp sin(B + y)  

where Fs and Fp a r e  the respective values of t he  incident amplitudes. 
Equation ( l b )  shows t h a t  t he  ref lected perpendicular component of the e l e c t r i c  
vector increases continuously, i n  absolute value, f o r  a l l  angles of incidence 
from 0' t o  90'. The re f lec ted  p a r a l l e l  component, however, vanishes when the  
angle of incidence plus the angle of re f rac t ion  equals 90'. This c r i t i c a l  
angle of incidence, f o r  which the p a r a l l e l  component i s  100 percent t rans-  

mitted, i s  called 
Brewster ' s  angle QB and 
depends only on the  r e l a -  
t i v e  indices of refrac-  
t i o n  of the materials 
forming the interface f o r  
a given wavelength: 

( 2 )  
n2 t a n  = - 
1 n 

Camera view of 
bubble undersurface 

Experimentally, a 
collimated beam of mer- 
cury white l i g h t  i s  d i -  
rected onto a heated 
f l i n t  glass disk from be- 

\\, <Microlayer 
'-Bulk l iquid 

Figure l. - Reflection of polarized light at bubble base in experiment A. 
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neath and re f lec ted  off t he  (upper) boi l ing surface (see f i g .  1). The beam i s  
incident a t  Brewster’s angle f o r  an a i r - f l i n t  glass  boundary, with two polar iz-  
ing f i l t e r s  oriented i n  the  l i g h t  path t o  block the  perpendicular component. 
N o  appreciable l i g h t  i n t ens i ty  i s  re f lec ted  from the  lower glass  surface, nor 
i s  l i gh t  re f lec ted  from any dry region of t he  upper surface. When bulk l iqu id  
covers the  glass ,  however, Q p  changes f o r  t he  boi l ing surface, and a small 
percentage of l i g h t  (0.354 percent) is re f lec ted  in to  t h e  camera. (The per- 
centage of r e f l ec t ion  of the  incident i n t ens i ty  can be calculated from eqs. 
( l a )  and ( 2 )  and from the  f a c t  t h a t  the  in t ens i ty  i s  proportional t o  
from Sne l l ’ s  l a w .  Reflectance values f o r  interfaces  i n  experiment A a r e  shown 
i n  t ab le  I.) 

E:, and 

When a t h i n  l i qu id  f i l m  is  present, r e f l ec t ion  takes place off 

Thermocouple 1 

TABLJ3 I. - PERCENTAGE REFLECTION OF PARALLEL POLARIZED 

COMPONENT FROM BOUNDARIES FOmD I N  EXPERIMENT A 

[Reflectances calculated from eq. ( la)  by using indices  of 
re f rac t ion  a t  A = 5893; p i s  calculated from Snel l ’ s  
l a w ;  eP i s  calculated from eq. ( 2 ) .  1 

lBakelite 
I/ base 

In te r face  

F l i n t  g lass  - water 

F l i n t  g lass  - vapor 

Water - water vapor 

F l i n t  g lass  - methanol 

Methanol - vapor 

Angle of 
incidence, 

P, 
deg 

30.5 

30.5 

40.4 

30.5 

40.4 

Brewstergs 
angle, 

deg 

38.2 

30.5 

37.0 

38.2 

37.0 

%, 

l l  I1 

.- 
lef l e c t a  

percen 
R, 

0.354 

. 000 

.342 

.354 

.342 

two interfaces ,  and the  
t o t a l  i n t ens i ty  of re f lec ted  
l i g h t  is  almost doubled 
(0.696 percent).  A l l  these 
calculations were made by 
using indices of re f rac t ion  
f o r  t h e  sodium D l ine .  Mul- 
t i p l e  re f lec t ions  within the  
glass  disk w i l l  not occur 
because the  re f lec ted  wave 
a l so  meets the glass  under- 
surface a t  ep and w i l l  
thus be completely t rans-  
m i t t e d .  Consequently, the  
base of a growing bubble 
should be sharply defined, 
so that the  wetting condi- 
t i o n  w i l l  be immediately ap- 
parent by the  r e l a t ive  in- 
t e n s i t i e s  as shown i n  f i g -  
ure 1. 

The boi l ing apparatus is  
shown i n  f igure 2. D i s t i l l ed ,  
degassed water and methanolwere 
boiled i n  a b e l l  jar s e t  on a 
Bakelite base. Connections f o r  
vacuum, f i l l  and drain l i n e s ,  

-Bell jar and f o r  a thermocouple t o  mea- 
sure bulk temperature were 

Hot-air jet 
Thermocouple 2 

Figure 2. - Boiling apparatus for experiment A. 

f i t t e d  in to  the base. The glass  
1 
8 disk (2; in. d i m .  by - in .  

t h i ck )  was placed beneath a 
1-inch-diameter hole i n  the  
Bakelite base and w a s  sealed f o r  
low pressures by a neoprene gas- 
ket.  The glass  disk contained 
a small scratch t o  f a c i l i t a t e  
nucleation. A perpendiculas 
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hot-air  j e t ,  1/4 inch i n  diameter under 
40 pounds per square inch gage was used 
f o r  heating. To obtain t h e  j e t  tempera- 
t u re ,  a 36-gage copper-constantan ther -  
mocouple was placed just inside the  
or i f ice .  Urrfortunately, gross heat 
fluxes i n  t h i s  system are d i f f i c u l t  t o  
calculate  with any degree of accuracy. 

The op t i ca l  system, shown i n  f i g -  Collimating lens---' 
we 3, consisted of a high-voltage m e r -  
cury light source, a s l i t ,  a collimating 
lens,  a front-s i lvered mirror f o r  ad- 

motion -picture Mercury jus t ing  the  angle of incidence of the  
camera l ight  source beam, and a second front-silvered mirror 

f o r  d i rec t ing  the  I"?2flected beam in to  
at Brewster's angle, eg. t he  high-speed motion picture  camera 

through two polarizing f i l ters .  The 
polarizing f i l t e rs  were adjusted so t h a t  t h e  dry f l i n t  glass  surface r e f l ec t ed  
almost no l i g h t ,  but so  tha t  a drop of water on the  upper surface was rela- 
t ively br ight  and sharply defined. 

Figure 3. -Optical plan for eve r imen t  A. Polarized l ight  incident 

Photographic in te rpre ta t ion  i n  t h i s  experiment is  simple and qua l i ta t ive  
The expanding bubble base i s  e a s i l y  distinguishable,  and if a re- i n  nature. 

gion of the  base i s  uniformly br ighter  than the  bulk l iquid,  t he  increased in- 
t e n s i t y  must be due t o  a second interface immediately above the  boi l ing sur- 
face. A dry surface w i l l  be darker than t h e  bulk l iquid.  

Experiment B 

Fxperiment A i s  a clear-cut method f o r  determining whether a microlayer 
exists a t  t he  bubble base. If a microlayer is found, much more detai led evi- 
dence concerning t h e  dimensions of the  layer can be obtained from the in t e r f e r -  
ence phenomenon observed during the  r e f l ec t ion  of l i g h t  off t h i n  fi lms. When 
monochromatic l i g h t  i s  incident on a transparent t h i n  f i lm ( the thickness must 
be the  order of magnitude of wavelengths of l i g h t )  r e f l ec t ion  w i l l  take place 
off the  upper and lower surfaces of t he  film. The re f lec ted  beam i s  a super- 
posi t ion of t h e  r e f l ec t ed  components, and since l i g h t  can a c t  as a wave phenom- 
enon, these two components will in te r fe re .  Considering t h a t  

constructive interference (addition of h t e r  vapor < "ter < %int glass '  
t he  re f lec ted  beams) will occur when the  op t i ca l  path length difference of 
these two components i s  an in t eg ra l  multiple of t he  wavelength. Destructive 
interference,  reducing the  i n i t i a l  intensi ty ,  w i l l  occur when the  op t i ca l  path 
length difference of these two components is  an odd i n t eg ra l  multiple of A/2. 
If the  angle of r e f r ac t ion  through t h e  f i lm i s  
the  wavelength of l i g h t  i s  A, the  re f rac t ive  index of the  l i qu id  i s  n, and 
2 is  a posi t ive integer  or zero, i n t ens i ty  maximums of re f lec ted  l i g h t  will 
occur when 

t h e  f i lm thickness i s  t, %- , 

( 3 4  
lh 

2n cos 8 Y 
t =  
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and in tens i ty  minimums when 

.) 

t =  ( 2 2  + l ) A  

Y 
4n cos 8 

as described i n  reference 7 (p. 367). A phase change of 180° i s  assumed at  t h e  
second interface ( n l <  n2 > n3); i n  the  case of t h e  microlayer, t h i s  phase 
change does not occur (nl < n2 < n3). Hence, t h e  referenced equations f o r  
minimums and maximums have been interchanged. 
explained i n  d e t a i l  i n  reference 6. 

The interference phenomenon i s  

The postulated l iqu id  f i l m  i s  assumed t o  be r a d i a l l y  symmetric and of in- 
creasing thickness f r o m t h e  center t o  the  edge, since the  perimeter of t h e  
layer  w i l l  have undergone t h e  least evaporation. 
pa t te rn  should be a series of concentric l i g h t  and dark r ings,  where each r i n g  
corresponds t o  a f i l m  thickness t ,  given by equation (3a) f o r  t he  l i g h t  r ings 
and (3b) fo r  the  dark rings;  2 
edge. 
and methods f o r  doing t h i s  a re  discussed i n  the  sect ion RESULTS. An i n t e r f e r -  
ence pa t te rn  measures film thickness as a function of time and pa t te rn  radius. 
From t h i s  information, t h e  r a t e  of vapor evolution and the  evaporative heat 
f l ux  can be obtained. 

The resu l t ing  interference 

increases in t eg ra l ly  f romthe  center t o  the  
A reference r i n g  must, of course, be found t o  give absolute thickness, 

Contrary t o  the  method of experiment A, t he  beam of incident l i g h t  i s  di-  
rected through the top  of the  bubble, and re f lec ted  off the  microlayer back up 
through the  top of t he  bubble (see f i g .  4 ( a ) ) .  Only large d iscre te  bubbles 
could be studied. As the bubble grows, t he  top  bubble wall i s  f la t tened  on a 
p l a s t i c  window. 
justable  mirror onto the  boi l ing surface, and the  re f lec ted  beam i s  recorded 
photographically by a high-speed camera. 

A collimated beam of monochromatic l i g h t  i s  directed by an ad- 

The opt ica l  system consis ts  of a mercury a r c  l i g h t  source, a s l i t ,  a 

TCollimating lens High-speed , 

I I 
\ 
-lint glass 

+ollimating lens High-speed 
\ camera 

(a) Single beam. (b) Double beam. 

Figure 4. - Optical system for eapr iment  B. 
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collimating lens ,  a l i n e  f i l t e r ,  adjustable mirrors,  and a high-speed camera. 
The green l i n e  (5461 A)  of mercury was selected by the  l i n e  f i l t e r  t o  obtain 
monochromatic l i g h t .  For control  experiments, a double-beam opt ica l  system was 
used i n  which the  collimated beam was divided by a double-mirror system; one-" 
half the beam was monochromatic (by use of l i n e  f i l t e r )  and the  other half was 
mercury white l i g h t  ( f i g .  4(b) ) . 

The percentage of incident l i g h t  re f lec ted  from e i the r  interface of t he  
f i lm can be calculated from the equation 

by assuming normal incidence ( r e f .  7, p. 288). The ac tua l  angle of incidence 
i s  about 1 3 O  from the  normal, a negligible correction f o r  equation (4)  since 
the  tan2  of 13' i s  approximately equal t o  the  s i n  of 13' ( r e f .  8, p. 511), but 
s ignif icant  i n  calculat ing f i lm thicknesses from equations (3a) and ( 3 b ) .  For 
a t h i n  water f i lm on the  f l i n t  glass  surface ( n  = 1.69) used, R 
1.47 percent f o r  t he  sol id- l iquid boundary and 1.90 percent f o r  the  l iquid-  
vapor boundary. Concerning the  r e l a t i v e  contrast  of l i g h t  and dark r ings ,  it 
should be noted t h a t  i n t ens i ty  minimums w i l l  be 0.540 percent of i n t ens i ty  max- 
imums (see ref. 6,  p. 63 ) .  The contrast  rap id ly  decreases as the  re f rac t ive  
index of t he  so l id  i s  lowered. 

equals 

The boi l ing  tank i s  shown schematically i n  f igure 5. A f l i n t  glass  
disk D i s  mounted horizontal ly  on a Bakelite support G, sealed with a neoprene 
gasket E, and held i n  place by three  springs F. The glass  boi l ing surface and 

A, Vacuum and manometer 
B, Plastic window 
C, O-ring 
D, Fl int  glass disk 
E, Neoprene gasket 
F, Three springs to hold 

glass disk in place 
G, Bakelite support 
H, Drain and f i l l  
I ,  Threaded assembly permits 

movement of f l i n t  glass 
up  and down 

J, Hot-air jet 
K, Hot-air exhaust 

Figure 5. - Stainless-steel boil ing tank for experiment B. 

course, maximum bubble diameters were a good 

the  heating j e t  J are  mounted i n  
the  tank on a threaded tubular 
assembly I, which allows adjust-  
ment of the  distance between the  
boi l ing surface and the  p l a s t i c  
window B. A n  auxi l ia ry  heater i s  
used t o  obtain the desired pool 
temperature. Bulk pressure was 
lowered t o  approximately 0 .1  a t -  
mosphere and the  l iqu id  tempera- 
ture maintained a t  about 85' 3'. 
Reduced pressures had t o  be used 
t o  obtain bubbles large enough t o  
study and obtain boi l ing with min- 
imal thermal shock t o  the  f l i n t  
glass ,  which has a high coeff i -  
c ien t  of thermal expansion com- 
pared with other types of glass.  
The distance between the  glass  
disk and p l a s t i c  window was varied 
between 0.15 and 0.28 inch; of 
deal  l a rge r ,  usually between one- - .  

half and three-quarters of an inch. ("his diameter r e fe r s  t o  bubbles f la t tened  
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by the p l a s t i c  window, and not bubbles growing f r e e l y  i n  a pool.) 
(550° t o  700° F) 40-pound service a i r  provided the  heating. 

A J e t  of hot 

RESULTS 

Exper iment A 

Surface f i l m  interference fringes.  - R u n s  of boi l ing water and methanol on 
polished f l i n t  glass were made i n  experiment A. A s  explained previously, a 
l iquid fi lm at  the bubble base w i l l  appear as a br ight  oval area on a f i e l d  
about half of t h a t  intensi ty .  (The bubble base appears oval because the camera 
view i s  a t  Brewster's angle, or approximately 58O from the normal.) 
drying of the f i lm will be seen as a dark spot i n  the  center of the bubble 
base. Sample pictures with the expected pa t te rn  a re  shown i n  figure 6 f o r  
methanol and i n  f igure 7 f o r  water. 
i s  a scratch used f o r  nucleation. 

Complete 

The black mark i n  the center of t he  frame 

Figure 6 shows the  base of a methanol bubble. A continuous surface f i l m  
i s  indicated from the  uniform and r e l a t i v e l y  highly ref lected in tens i ty  a t  t he  
base. A dark cen t r a l  region denoting surface dryness w a s  not apparent f o r  
methanol or f o r  water a t  the lower heat f l u x  ( f i g .  7 ( a ) ) .  
of water bubbles becomes evident ( f i g s .  7(b) and ( e ) )  as the heat f l ux  in- 
creases. Often i n  the ref lected patterns,  curved dark fr inges could be seen i n  
the microlayer ( see  f i g .  7 ( b ) ) .  These fr inges a re  expected from the discontin- 
uous nature of mercury white l i g h t ,  and t h e i r  intensi.ty and posit ion a re  dis-  
cussed i n  appendix A. A dry surface i s  re la t ive ly .dark  and appears as an ex- 
panding spot i n  the center of t he  bubble base. Interference fringes could be 
distinguished from dry surface both by t h e i r  greater in tens i ty  and by the  f a c t  
t h a t  f r inges disappear more readi ly  during bubble re lease than does a dry sur- 
face. The microlayer behavior during bubble re lease i s  discussed below. 

Drying a t  the base 

The photographs i n  f igure 7 were taken during one run of constant pressure 
and increasing heat flux. Unfortunately, the experimental setup made it d i f f i -  
c;iLt t o  obtain even approximate absolute values of heat flux; however, r e l a t i v e  
var ia t ions i n  the  heat f lux w-re eas i ly  observable from the gas j e t  tempera- 
tu re ,  and as long a s  half  an hour was allowed f o r  adjustment of the tempra ture  
gradient i n  the glass disk. The figure labels  low heat f l u x  f o r  f igure 7 ( a )  
and high heat f l u x  f o r  f igures  7(b) and ( e )  a r e  
terms. The j e t  temperature increased about loo6 F between low and high heat 
f l u x  sequences. 
out the bubble l i f e  of 30.8 milliseconds. Two other low heat f l u x  bubbles of 
the same run (not shown) likewise did not develop dry spots. 
f lux ,  f igures 7(b) and ( e ) ,  a dry spot appears a f t e r  10 milliseconds regardless 
of maximum bubble diameter. I n  other high heat f l u x  sequences, drying occurred 
between 5 and 10 milliseconds except f o r  one s m a l l  bubble, which remained 
wetted u n t i l  release a t  22 .2  milliseconds. Clearly, t he  tendency f o r  complete 
evaporation a t  t he  bubble base var ies  with heat f lux.  
f l u x  sequences were discrete  bubbles, it i s  in te res t ing  t o  note t h a t  apprecia- 
b l e  drying can occur during slow boiling. 
pends chief ly  on Tw a t  the time of nucleation; Tw determines the i n i t i a l  

therefore,  only r e l a t i v e  

Surface drying w a s  not shown t o  occur i n  f igure 7 ( a )  through- 

A t  a higher heat 

Since even the high heat 

The degree of drying probably de- 

9 



Milliseconds: 0.0 3.6 10.8 

24.0 28 8 17 A 

34.8 36.0 37.2 

Figure 6. - Observation of microlayer: methanol boiling on f l int  glass. 



Mi I liseconds: 1.3 3.9 6.5 

10.4 14.3 20.5 
-83 

(a) Low heat flux, 

Figure 7.'- Observation of microlayer: water boiling on f l int glass. 



34.2 4u.4 AA n 

47.8 50.2 

( b )  High heat flux. 

Figure 7. - Continued. Observation of microlayer: water boiling on flint glass. 
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Mi  II iseconds: 8.8 12.6 16.2 

23.6 25.0 26.2 

(c)  High heat flux. 

Figure 7. - Concluded. Observation of microlayer: water boiling on f l int  glass. 
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evaporation r a t e  as wel l  as t h e  rate a t  which l a t e n t  heat  may be drawn from t h e  
underlying solid.  
surface. It i s  d i f f i c u l t  t o  predict ,  however, how the drying phenomenon w i l l  
be a l t e r ed  a t  pressures of 1 atmosphere and greater. 

Drying would be f a c i l i t a t e d  on a highly conducting meta l l ic  

Mechanism of bubble release. - In te res t ing  observations of t he  nature of 
bubble re lease  can be made *om figure 7. A t  t h e  onset of collapse, the  perim- 
e t e r  of the  bubble base, which had been sharply demarcated during growth, be- 
comes ind i s t inc t ;  t h e  microlayer appasently becomes th icker  at  i t s  outer edge 
and loses  def in i t ion ,  much as if surface tension were  pu l l ing  the bubble in to  
a spherical  shape. The bubble l i f t s  quickly away from t h e  surface as long as 
i t s  base i s  wetted by a l i qu id  fi lm. I n  figure 7 ( c ) ,  7.6 milliseconds are re- 
quired f o r  release of t h e  wetted 87.5 percent of the bubble base. When a cen- 
t r a l  d r y  spot i s  reached, apparently a contact angle opposes the  flooding l i q -  
uid, and t h e  l i f t i ng -o f f  process is retarded. 
bubble base diminishes more gradually and requires  6.2 milliseconds f o r  com- 
p l e t e  flooding. The boundary of t h e  dry spot i s  always sharp, indicat ing that 
a de f in i t e  contact angle i s  formed. I n  figure 7(b) ,  flooding is similarly re- 
tarded at the  dry spot. 
15.8 milliseconds and the  dry 7 percent i n  10.0 milliseconds. 

The dry 12.5 percent of t h e  

The wetted 93 percent of the base I s  flooded i n  

There is  some evidence that the  stages of bubble re lease  a re  instrumental 
i n  the  formation of vapor columns. 
graphed ( re f .  9 )  and it was noted that, under ce r t a in  conditions, bubbles de- 
pa r t  s ingly from t h e  surface but o n l y  p a r t i a l  f looding occurs. 

Discrete bubble columns have been photo- 

Pinching-off takes  place at  the  bubble s%em s o  t h a t  a small mass of vapor 
is  l e f t  i n  contact with the  surface. The photograph i n  figure 8 ( r e f .  9 )  il- 
l u s t r a t e s  bubble release a t  the  moment of pinching-off. 
immediately from the  vapor residue, apparently bypassing the  process of nuclea- 

A new bubble grows 

Figure 8. - Pinching-off phenomenon at bubble base (ref. 9). 
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t ion.  It is not known a t  present whether 
pinching-off occurs generally between 
d iscre te  bubble columns and vapor col- 
umns, or whether it i s  dependent on a 
narrow range of bo i l ing  conditions. 
Pinching-off i s  consistent f o r  successive 
bubbles at  a given s i t e ,  however. Appar- 
e n t l y  t h e  surface beneath the  res idua l  
vapor is dry, indicat ing that l iqu id  
could not f lood t h e  surface easily 
against  a contact angle as was seen t o  be 
t h e  case i n  f igures  7(b) and ( e ) .  When 
pinching-off occurs i n  a bubble column, 
one would expect vapor evolution t o  be 
continuous if  the  res idua l  vapor mass be- 
gins t o  grow before pinching-off i s  com- 
pleted. A vapor column formed i n  t h i s  
way would have a dry center with a micro- 
layer being formed per iodical ly  mound 
the  dry spot. Intermit tent  vapor evolu- 
t i o n  from the  microlayer causes the  col-  
umn perimeter t o  o s c i l l a t e  near its base, 



Flooding facilitated on\\, 
cool and wetted surface-1 

('Indistinct boundary of 
microlayer during release 

(a) Release of discrete bubbles. 

, 
Flooding retarded ,// 

by contact a n g l e  initiates growth 

(b) Pinching-off phenomenon. 

'LHot, dry spot 

Flooding facilitated ,I' 
on cool and wetted// 
portion of base 2 

'-Hot center causes 
evaporation and 
initiates expansion 

(c) Continuous vapor removal. 

Figure 9. -Vapor column formation. 

i n  tu rn ,  causing periodic replenishment 
of t he  f i l m .  This evolution of bubble 
column t o  vapor column is shown i n  f ig -  
ure 9. 

Extrapolating o b s e m t  ions from a 
narrow range of conditions is  always 
dangerous, but the  model of vapor column 
formation ( f ig ,  9) could explain two 
important boi l ing observations. F i r s t  , 
i n  t h e  vapor column of figure 9 ( c ) ,  
evaporation takes  place i n  the  v i c i n i t y  
of t he  w a l l  so that t h e  heat t r ans fe r  i s  
almost independent of Tb. The insensi- 
t i v i t y  of the  upper regions of t he  nu- 
c lea te  boi l ing curve t o  subcooling i s  
w e l l  known (ref.  10, p, 389). Some 
wri ters  ( r e f .  11) have postulated t h a t  
evaporation occurs at  the  vapor column 
walls inside the  layer of superheated 
l iquid.  It seems unl ikely t h a t  more 
than a s m a l l  f r ac t ion  of the t o t a l  heat 
t r ans fe r  takes  place here, since the 
thickness of t he  superheated layer  de- 
pends s t rongly on subcooling. Second, 
it has been shown ( r e f .  1) that the  ex- 
tremely rapid temperature drop associ-  
a ted with surface evaporation occurs 
cyc l ica l ly  in  high heat flux (135,000 t o  
202,000 Btu/(hr) (sq ft)) nucleate boi l -  
ing; t h i s  experiment demonstrates that 
the  microlayer i s  an important mechanism 
of heat t r ans fe r  i n  the  regime of vapor 
columns. Furthermore, descriptions of 
the vapor column i n  the  l i t e r a t u r e  - 

(refs. 11 and 1 2 )  agree t h a t  complete surface flooding never occurs. If these 
descriptions are accurate, some kind of o sc i l l a t ion  at  the  column base must be 
responsible f o r  periodic creat ion of the  microlayer. 

Exper b e n t  B 

A photographic sequence of a microlayer interference pa t te rn  is shown i n -  
figure 10. Three w h i t e  and two dark f r inges  a re  v is ib le ;  these frfnges in-  
crease i n  diameter as the  f i l m  evaporates. 

I n  order t o  be confident of t h e  photographic interpretat ion,  it is neces- 
sary t o  show t h a t  the  pa t te rn  or iginates  from the g lass  bo i l ing  surface and 
t h a t  the r ings a re  ac tua l ly  an interference phenomenon. That t h e  f i l m  occurs 
on the  g lass  bo i l ing  surface ra ther  than the  p l a s t i c  window i s  evident from 
three considerations. F i r s t ,  the p l a s t i c  window was not quite p a r a l l e l  t o  the  
glass  disk so t h a t  t h e  r e f l ec t ion  was not a l ined with the  camera lens. A 
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Figure 10. - Microlayer interference pattern: water boiling on f l int  glass. 
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' scratch,  which served as  a nucleation s i t e ,  was used f o r  focusing and assured 
that the glass ra ther  than the window was i n  correct alinement. Second, the 
second and t h i r d  photographs of figure 10 show that the pat tern is  p a r t i a l l y  
obscured a t  B, where the bubble wall meets the p l a s t i c  Windowj as the  bubble 
grows larger ,  the interference pa t te rn  i s  seen i n  i t s  ent i re ty .  This phenome- 
non could occur only if the  f i lm i s  on the  glass  boiling surface. 
since v i r tua l ly  no re f lec t ion  takes place a t  the nucleation scratch, the l i g h t  
in tens i ty  at  the scratch i s  the upper l i m i t  o f  ref lected in tens i ty  from the 
p l a s t i c  window. The scratch appears almost as dark as interference minimums, 
and, consequently, the pa t te rn  could not be on the  window. 

And th i rd ,  

Control pictures ( f ig .  ll), viewing a par t icu lar  bubble simultaneously 
with white and monochromatic l i gh t  ( f ig .  4(b), 

Figure 11. - Simultaneous views of microlayer wi th white and monochromatic light. 

p. 7 ) ,  were taken t o  ver i fy  that 
the observed pa t te rn  is caused 
by an interference phenomenon. 
The monochromatic v i e w  shows 
two dark rings,  A and B, t he  
same number seen i n  f igure 10. 
I n  the white view, only a f a i n t  
central  dark r ing  A' i s  appar- 
e n t j  t h i s  single m i n h m  is t o  
be expected from the mercury 
l i ne  spectrum if  one assumes 
t h a t  the center of the  pa t te rn  
is  a dry surface. Interference 
phenomena i n  the control ex- 
p e r h e n t  are discussed i n  re la -  
t i o n  t o  the  energy d is t r ibu t ion  
of the mercury spectrum i n  ap- 
pendix A. 

A p lo t  of f i lm thickness 
prof i les  against radius f o r  
successive in te rva ls  of 
1.1 milliseconds is  shown i n  
f igure 12. This plot  was made 
f romthe  photographs of f ig -  
LIR 10. By extrapolation of 
the cur-ves beyond t h e  smallest 
minimum, it i s  evident that the  

center of the  f i l m  i s  dryj t h i s  r e su l t  i s  t o  be exgected *om the  photographs 
of experiment A, a lso taken for the  condition of water boil ing on f l i n t  glass 
a t  similar heat f l ux  and pressure. As ahcussed  prevlously, drying i s  also in- 
dicated by double-beam control experiment s. 

Local heat f luxes out of the evaporating microlayer have been calculated 
Average values f o r  successive 1.1- i n  appendix B f r o m  the  data i n  f igure 12. 

millisecond intervals  a r e  given i n  t ab le  11; these values r e f e r  t o  an area di-  
r e c t l y  beneath the evaporating f i lm only and are  not .an  average fo r  the  en t i r e  
bubble base. 
No overal l  diminution or augmentation with time i s  observed i n  the heat f l u x ,  
and it i s  d i f f i c u l t  t o  a t tach  significance t o  the observed cyclic trend. 

The mean calculated value is  38,000 Btu per hour per square foot.  

Note 
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Figure 12. - Microlayer thickness as function of radius. 

that the calculated values of heat f lux are an order of magnitude l e s s  than t he  
values reported i n  reference 2 j  the reason f o r  t h i s  difference is discussed i n  
the following section. 

TABIE 11. - HEAT FLTJX CALCULATIONS 

Frame 

2 

3 

4 

5 

6 

7 

8 

Slope of 
thickness 
prof i les ,  

m 

1390 

1390 

1330 

1510 

1630 

1690 

2240 

Volume, I Heat flux, 
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DISCUSSION 

Direct (refs. 1, 2, and 4) and indirect  (ref. 13) evidence has been pre- 
sented t o  show that microlayer evaporation car r ies  most of the heat t ransfer  i n  
moderate and high heat f l u x  nucleate boiling regimes. In  view of the impor- 
tance of an evaporative mechanism, it is useful t o  consider the system vari- 
ables tha t  1 s t  the t ransient  heat-transfer process. Erimarily, evaporation 
will be controlled by bubble s ize ,  frequency, and population; these variables 
put an upper l i m i t  on the  surface area covered by an evaporating microlayer. 
Secondly, evaporative heat flux w i l l  be controlled by the  rate-determining 
variables and by any surface o r  microlayer condition t h a t  causes surface dry- 
ing or  decreases the  area available f o r  evaporation. 
l imited t o  t h i s  second group of variables. 

Discussion W i l l  be 

Influence of Wall Material 

The r a t e  of evaporation from a l iqu id  f i . h  i s  determined a t  any time by 
the fflm superheat ATsat. If the l iqu id  f i l m  is i n  contact With a thermal 
conductor and if the f i lm  drops rapidly i n  temperature as evaporation proceeds, 
a portion of the necessary l a t en t  heat of vaporization w i l l  be withdrawn from 
the  thermal capacity of the  underlying so l id  by a t rans ien t  heat-conduction 
process. The exact portion depends on the m a s s  and superheat of the f i l m ,  the 
steady-state heat f l ux  through the w a l l ,  and the thermal character is t ics  of the  
w a l l  material. In  the case where the heat flow in to  the f i l m  i s  much greater 
than the steady-state heat f l ux  and where the f i lm m a s s  or  superheat i s  small, 
t rans ien t  conduction f r o m  the wa l l ,  accompanied by a rapid surface temperature 
drop, will control l o c a l  evaporation ra tes .  A water f i lm that evaporates t o  
dryness and car r ies  a superheat of 90' F contains l e s s  than 10  percent of its 
own la ten t  heat; when most of t he  ini t ia l  f i l m  l iqu id  undergoes evaporation, 
the f i l m  mass may be considered " s m a l l . "  

Transient evaporative heat f luxes have been observed ( r e f s .  1 and 2 )  and 
are  calculated i n  appendix B f r o m  the  data  of f igure 12 .  I n  references 1 
and 2, the evaporative fluxes range from six t o  20 t h e e  the gross surface 
flux. Average heat-flux measurements could not be taken f o r  the  data in  
tab le  11, but since boi l ing occurred near the  incipience point, it i s  assumed 
t h a t  the evaporative fluxes (=40,000 Btu/(hr) ( sq  f t ) )  a re  approximately three 
times the gross surface flux, 

Apparently, evaporation is  controlled by a t rans ien t  conduction process, 
which is  caused by a rapid drop i n  surface temperature. 
proximated by a temperature pulse on a semi-infinite surface; the solution 
( r e f .  14, p. 255) shows that the  heat flux out of the  so l id  a t  a given time 
a f t e r  the pulse i s  proportional t o  (k/&)A!T. The microlayer itself is Virtu- 
a l l y  unitemperatej 95 percent of any temperature pulse is transmitted across a 
water f i lm 10,000 angstrams thick within 0.64 microsecond (see r e f .  14, 
p. 254). The t rans ien t  evaporative pulses last from 1 t o  several  milliseconds 
( re fs .  1 and 2 ) .  Consequently, microlayer evaporation rates on di f fe ren t  sur- 
faces at  the same instant  should vary according t o  

This condition is ap- 

k& of the material. 
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A comparison of t h e  t rans ien t  heat f l u  data  from t ab le  I1 f o r  glass  and 

Di s t i l l ed  water, boi l ing under low pressures of 2 t o  3 inches m e r -  
from reference 2 f o r  Nichrome does substant ia te  t h i s  view of t he  e f f ec t  of 
material .  
cury, w a s  used i n  experiment B and i n  reference 2. 

I n  both cases, bo i l ing  took place well inside the  regime of s ingle  bubbles 
near t he  incipience of t h e  boi l ing  curve. Since t h e  Nichrome surface has a far 
more extensive d i s t r ibu t ion  of nucleation sites than a polished glass  surface,  
even including t h e  nucleation scratch a t  incipience f o r  t h e  Nichrome 
w i l l  be equal t o  or l e s s  than ATsat f o r  t he  g lass  surface. Evaporation from 
the  f i l m  will be controlled e i the r  by the dr iving temperature or 
by the  rate at  which heat is supplied t o  t h e  f i lm from t h e  underlying so l id .  
Since the  evaporative f luxes i n  the  case of bo i l ing  on glass  are l e s s  than one- 
t en th  of t he  values f o r  boi l ing on Nichrome (38,000 compared with 500,000) even 
though the  ATsat is greater f o r  glass,  t he  thermal properties of t h e  wall 
evidently control  t h e  evaporative r a t e s  from t h e  f i l m .  Quantitatively,  t he  
t rans ien t  heat f luxes for glass  and Nichrome should be i n  approximately t h e  
same r a t i o  as the  respective values of 
r a t i o  500,000/38,000 = 13.1, which is  near t he  r a t i o  of k/&, 
0.35/0.031 = 11.3 (see  t a b l e  111). 

ATsat 

Tf - Tsat 

k/&. The heat f luxes are i n  the  

TABLE 111. - k/& FOR VARIOUS BOILING SURFACES 

Copper 
Nickel 
Platinum 
Chromium 
Flint glass 
Ni chrome 
Inconel 

Density 
P, 

g/cm3 

8. 96 
8.9 

21.5 
7.19 

“4.04 
8.4 
8.3 

Specific 
heat, 
cP.’ 

cal/(g) (OC)  

0.092 
. l o5  
.032 
.11 
.12 
. l o 7  
.11 

mermal 
conductivity, 

k, 
e&/(  cm) ( OC) (sec) 

0.94 
.22 
.17 
.16  
.0019 
-134 
.036 

0.882 
.455 
.342 
.357 
.031 
.346 
.031 

aEmpirically determined. 

Whenever microlayer. evaporation i s  inhibi ted by w a l l  materials of decreas- 
k/&, a higher w a l l  temperature is required t o  maintain a constant over- ing 

a l l  evaporative heat f lux .  Since the  evaporative heat f l u x  has been shown t o  
be a major f r ac t ion  of t h e  t o t a l  ebul l ient  heat t r ans fe r  (refs. 1, 2, 4, 
and 13), surface materials with decreasing k/& should have boi l ing curves 
d i s p a c e d  t o  t h e  r igh t ;  t h a t  is, a greater ATsat 
given heat flux level. O f  t h e  e ight  metals with three  l iqu ids  reported, t h i s  
t rend  is  borne out.  I n  reference 1 7  boi l ing curves are shown f o r  plated cop- 
per,  gold, and chromium with ethanol. Reference 5 show6 curves f o r  lapped 
copper, nickel,  and Inconel with pentane, and reference 10 shows curves f o r  
polished platinum ( 2 / 0  emery) and copper (4/0 emery) with water. 

i s  needed t o  s u s t a i n  a 

Within each experimenter’s data,  the surface material of highest 
gives the  s teepest  bo i l ing  curve (values of 

k/& 
k/& are l i s t e d  i n  t ab le  111). 
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It can be argued that d i f fe ren t  surface materials, given the  sme degree 
of polish,  will have d i f fe ren t  act ive s i t e  d i s t r ibu t ions  that could be respon- 
s i b l e  f o r  t he  surface e f f ec t  noted previously. S i t e  d i s t r ibu t ion  increases 
rap id ly  with roughness (ref. 18), however. The data of reference 10 show t h a t  
t h e  nucleate curve f o r  a roughened platinum surface can occur a t  a higher A!T 
than f o r  a polished surface, indicat ing that the  s i te  d is t r ibu t ion  alone i s . n o t '  
suf f ic ien t  t o  account f o r  the surface e f fec t .  

Thin Wall Effect  

During a surge i n  heat f l u x  under the  bubble base, appreciable heat w i l l  
be withdrawn only from a depth of a f e w  hundredths of an inch beneath the  sur- 
face. For a temperature pulse of t milliseconds, an appreciable change 
(greater than 10 percent) of t he  wall temperature w i l l  occur within a depth 
d = 2 . 4 6  (see r e f .  14, p. 254). 
served i n  reference 1 where it was pointed out t h a t  most of the  heat extract ion 
during the pulse occurs within 0.010 inch of the surface.  
boi l ing surface ( r e f .  1) were made thinner than 0.010 inch, the  t rans ien t  heat 
f l u x  would have been l imited by the thermal capacity, as w e l l  as the thermal 
propert ies  of the  wall. I n  reference 2 microlayer evaporation was observed on 
a 0.001-inch-thick ribbon and it was  found that the  evaporative pulse was 
strongly l imited by the heat content of t he  ribbon. Apparently, only the ther-  
m a l  properties of the wall within a f e w  hundredths of an inch beneath the  
surface exert a strong e f f ec t  on the  evaporative f l u x  and the  boiling curve. 
Also, when t h e  heater  w a l l  i s  so th in  t h a t  it no longer a c t s  as a semi- 
i n f i n i t e  so l id  at  t h e  bubble base, a r e s t r i c t i n g  effect on the  boiling curve 
(requir ing higher Nsat f o r  an equivalent q) w i l l  be seen. Predicting 
t h e  thickness a t  which heater  dimensions d is turb  t h e  t rans ien t  fluxes i s  
somewhat complicated by t h e  f a c t  t h a t  t he  temperature drop i s  not instan- 
taneous. Even more d i f f i c u l t  i s  t h e  task  of predicting, without spec i f ic  
experimental evidence, exact ly  where a l imi ta t ion  on t rans ien t  heat f lux,  due 
t o  w a l l  thickness, causes a change i n  the  boi l ing  curve. One constructive ap- 
p l ica t ion  suggested by wall thickness and mater ia l  e f fec ts  i s  t h a t  t h i n  p l a t -  
ings of materials with high 
t ransfer  coeff ic ients  and possibly t o  raise the  burnout point as w e l l  (ref. 
p. 20, discussion by Edwards). 

A pulse of 2-~1illisecond duration was ob- 

Presumably, i f  t he  

k/& could be used t o  y ie ld  greater heat- 
3, 

S t a b i l i t y  of Microlayer 

During the  boi l ing of mercury i n  a glass  vessel, one can readi ly  observe 
t h a t  most of the area a t  t h e  bubble base is  swept c l ea r  of l iqu id  as the  bubble 
grows. Extensive drying occurs even a t  the lowest heat f luxes and is appar- 
e n t l y  caused by the  nonwetting surface condition. One cannot determine visu- 
a l ly  whether a s m a l l  microlayer is  present around the perimeter of t he  base and 
if  not, where evaporation takes place, but there  i s  no doubt t h a t  the  nonwet- 
t i n g  surface modifies microlayer formation dras t ica l ly .  
sol ids ,  which a re  used i n  most boi l ing applications,  m a y  a l so  cause the  micro- 
layer  t o  be unstable r e su l t i ng  i n  severe l imi ta t ion  of the evaporative heat 
f lux.  The author attempted t o  observe whether or not a s tab le  f i l m  could e x i s t  

P a r t i a l l y  wetted 
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on p la s t i c ,  but bo i l ing  on p l a s t i c  was  impossible without warping the  surface. 
Various invest igat ions of t h e  wetting e f f ec t  on nucleate boi l ing have given 
confl ic t ing results. The most highly controlled experiments performed are re- 
ported i n  reference 19 ,  where d i f fe ren t  wettabil i t ies were obtained by boi l ing  
s t ea r i c  acid on d i f fe ren t  faces  of a s ingle  copper c rys ta l .  
t he  higher contact angle allows a higher heat f l u x  at  given 
t h i s  experiment covers only one spec ia l  condition, but it does indicate t h a t  a 
p a r t i a l l y  wetted surface a f f e c t s  other system variables ,  perhaps nucleation, 
more strongly than t h e  tendency of a f i l m  t o  become unstable. The surface t e m -  
perature p ro f i l e s  of reference 2 a l s o  indicate  t h a t  t h e  l i qu id  f i lm remained 
s tab le  f o r  several  milliseconds on a partially wetted Nichrome surface. It is 
probable, therefore ,  that partially wetted metal l ic  surfaces do not in te r fe re  
ser iously with formation of t he  fi lm. 
b l e  formation and the  many var iables  concerned, it w i l l  not be easy t o  deter-  
mine under what conditions poor wet tabi l i ty  begins t o  a f f ec t  microlayer integ- 
r i t y .  

The data  show t h a t  
ATsat. O f  course, 

Considering the  t rans ien t  nature of bub- 

SUMMARY OF OBSERVATIONS AND CONCLUSIONS 

As t h e  result of the  experiments reported herein,  a microlayer f i lm at  t h e  
base of nucleate bubbles has been shown t o  exist. The continual evaporation 
from t h i s  layer explains t h e  high heat-transfer coeff ic ients  associated with 
nucleate boiling. Furthermore, there  seems t o  be evidence tha t  t h i s  microlayer 

. i s  present i n  t h e  high heat f l u x  r e g h e s  of nucleate boi l ing  when vapor columns 
are present. 

The evaporative heat flux from the  microlayer f i lm is  dependent upon t h e  
k/&. material of t h e  heat-transfer surface and seems t o  vary d i r e c t l y  with 

I n  addition, t h e  thinness or amount of material i n  the  heat-transfer surface 
can a f f ec t  t he  evaporative process. 

The surface propert ies  of t he  heat-transfer surface such as f i n i s h  and 
wet tab i l i ty  w i l l  determine t h e  s t a b i l i t y  of t he  microlayer. 
faces w i l l  tend t o  des tab i l ize  the  layer. 

Nonwetting sur- 

Lewis Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio, July 22, 1964 
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I"CE OF MERCURY WHITE LIGHT 

% 

Figure 13 shows the absolute energy output of the  mercury buLb used (BH-6) 

E 

Figure 13. - Energy emission from BH-6 mercury arc lamp (data received from 
M. C. Burrows of Lewis). 

.10 

.OS -# 0 -1C 

Figure 14. - Reflectance as function of thickness for thin water film. 

Film thickness, A 

Figure 15. - Resultant reflectance from a water f i lm for two wavelengths 
plotted in f igure 14. 

f o r  successive 100- 
angstrom intervals .  
F l in t  glass elements i n  
the opt ica l  system and 
the high-speed camera 
caused rapid attenuation 
of the u l t rav io le t  be- 
tween 3400 and 4000 ang- 
stroms (information re- 
ceived i n  a private com- 
munication with M. C. 
Burrows of Lewis). For 
t h i s  reason, the strong 
blue l i nes  between 4050 
and 4400 angstroms, and 

the green l ines  (near 5461 A) 
a r e  considered t o  contain most 
of the radiant energy t h a t  i s  
passed through t o  the f i l m .  
The green l i ne  alone (5461A) 
contains 35 percent of the  
spectrum energy. Relative in- 
t e n s i t i e s  of the two bands can 
be obtained from f igure 13 and 
are  1.65 and 1.35 f o r  lower and 
higher wavelengths, respective- 
ly. The ref lected in t ens i ty  
( i n  a rb i t r a ry  uni t s )  against  
f i lm thickness is plot ted i n  
f igure 14 f o r  both of these 
wavelengths; the curves, of 
course, a re  s inusoida lwi th  
minimums a t  t = (22 + I)A/ 
4n cos 8 and with relative 
amplitudes i n  proportion t o  the  
r e l a t ive  energies. The physi- 
c a l  system considered is a 
water f i lm on a glass surface 
with n = 1-77; f o r  t h i s  sys- 
t e m ,  re f lec t ion  f r o m  both in- 
terfaces  is equal and in t ens i ty  
minimums are  zero. In tens i ty  
fluctuations,  however, have the 
same dependence on f i lm thick- 
ness as f o r  the  glass surface 
used, n = 1.69. 

r 
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Superimposing the curves i n  f igure 15 gives a first approximation for the  
ref lected in t ens i ty  of mercury white l i g h t  as a function of f i lm thickness. It 
i s  evident that if  the center of the pat tern is  dry, o n l y t h e  f i rs t  minimum 
w i l l  be strong, although a very f a i n t  dark r ing  might be seen at t = 2700 ang- 
stroms. Figure 11 (p. 1 7 )  shows simultaneous pat terns  of the same bubble f o r  
white and monochromatic l igh t .  The monochromatic view shows two minimums, the  
same number seen i n  f igure 10 (p- 1 6 ) .  The white view shows o n l y t h e  f irst  
minimum, although i n  cer ta in  other photographs, a very f a i n t  second minimum was 
a l so  discernible. The pat terns  of f igure 11 are  consistent with an in te r fe r -  
ence phenomenon and a l so  suggest that the  cent ra l  r ings,  A and A',  a re  uni t  
minimums. 
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HEAT FLUX CALCULATIONS 

The data of figure 12 (p. 18) were used t o  calculate t rans ien t  evaporative. 
heat fluxes from the  microlayer during successive 1.1-millisecond intervals.  
The circulas  fringes i n  f igure 9 (p. 15) show t h a t  the f i l m  i s  r ad ia l ly  symmet- 
ric. To determine the volume of l iquid evaporated between succeeding frames, 
the thickness prof i les  were approximated by s t ra ight  l i nes  r = m t  + e ,  where 
t i s  f i l m  thickness, r i s  radius, m i s  the slope, and c is  the radius a t  
which drying occurs. The volume of l iqu id  evaporated between two frames is the 
conical s h e l l  between adjacent prof i les .  
r ings,  with thickness at  and area Z m i  Art; ri  is  the average radius at  t r  

Each s h e l l  can be broken up in to  

and L k t  i s  the r ing  width: 

br  t 2 r 2 - r1 = (m2 - m l ) t  + ( e 2  - el) 
(Subscripts 1 and 2 r e f e r  t o  inner and outer prof i les ,  respectively.) Let- 
t i n g  dV be the volume of a r ing  gives 

o r  

Collecting terms and integrating yield 

and 

The constants m and c were computed from the s t ra ight  left-hand prof i les  
i n  f igure 12 and are  l i s t e d  i n  tab le  I1 (p. 18). 
the  f igure are  fa i red  t o  the data points. 

Prof i les  i n  the r igh t  half of 

Transient heat f luxes a re  calculated from the l iqu id  volume 
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The area A of the  microlayer i s  taken t o  be r[ r2,max - cg) where r2,max 
(2 

r e fe r s  t o  the maximum radius of t he  outer s h e l l  p rof i le .  Superheat i n  the f i lm 
is  neglected as an energy source f o r  evaporation since the  f i lm evaporates t o  
dryness; even a SOo F superheat supplies less than 10 percent of the heat nec- 
essary f o r  t o t a l  f i lm  evaporation. Computed values of the heat flux are l i s t e d  
i n  tab le  11. 

It must be recognized tha t  heat f luxes beneath a newly formed portion of 
microlayer w i l l  be greater than at  the  point where the  f i l m  i s  approaching dry- 
ness; i n  the lat ter case the f i lm temperature is  r e l a t ive ly  low. M a x i m u m  heat 
f luxes may, therefore,  be higher than computed values i n  tab le  11. 

The calculated heat f luxes have, a t  bes t ,  a two-place accuracy; e r rors  
a r i s e  chief ly  i n  choosing in tens i ty  maximums o r  minimums on the or ig ina l  photo- 
graphs and i n  making s t ra ight- l ine approximations on the prof i les ,  "he average 
value of the evaporative heat f lux i s  38,400 Btu per hour per square foot ,  and 
the average deviation from the mean is  6000 Btu per hour per square foot or 
15.6 percent; t h i s  l a t t e r  value provides a conservative estimate of random un- 
cer ta in t ies .  Systematic e r ror  due t o  the  calculat ional  technique is unknown 
but i s  probably small compared with random error .  
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